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The vertebrate retina develops from a sheet of neuroepithelial cells. Because adherens and tight junctions are critical for epithelial and
neuronal differentiation in a variety of eukaryotic systems, we examined the role of Par-3, a PDZ scaffold protein that is critical in cellular
membrane junction formation. We cloned the zebrafish Par-3 ortholog (pard3), which encodes two Pard3 proteins (150 and 180 kDa) that
differ in their carboxyl-terminus. Immunohistochemistry revealed that Pard3 localized to the apical region of the retinal and brain
neuroepithelium, partially overlapping the adherens junction-associated actin bundles. After retinal lamination, the Pard3 protein was
restricted to the outer limiting membrane and the outer and inner plexiform layers in the retina. Reducing Pard3 expression with antisense
morpholinos caused loss of the retinal pigmented epithelia, disruption of retinal lamination, and cell death in the ventral diencephalon, which
resulted in cyclopia. Overexpressing Pard3 by injection of wild-type pard3 mRNA resulted in cyclopia and eyeless embryos. Thus, Pard3
plays a critical role in the origination and separation of zebrafish eye fields and retinal lamination.
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The initial development of the zebrafish retina is similar
to other vertebrates (Malicki et al., 2002; Schmitt and
Dowling, 1994, 1996). A single eye field in the neural plate
is separated into two eye fields when diencephalic precursor
cells migrate anteriorly along the ventral midline (Varga et
al., 1999; Woo and Fraser, 1995). The two eye fields are
further separated when inductive midline signals of the
prechordal plate stimulate proliferation and differentiation
of optic stalk cells, which inhibit midline cells from differ-
entiation toward a retinal identity (Li et al., 1997; Macdonald
et al., 1995). The resulting left and right retinal primordia
exist as neuroepithelial sheets (Schmitt and Dowling, 1994),
from which ganglion cells begin to differentiate between 28
and 32 h post-fertilization (hpf; Burrill and Easter, 1995; Hu
and Easter, 1999; Schmitt and Dowling, 1994, 1996). The
differentiation sweeps as a wave both dorsally and nasally0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: dhyde@nd.edu (D.R. Hyde).from a ventronasal patch near the optic nerve (Burrill and
Easter, 1995; Schmitt and Dowling, 1996). The generation of
the remaining retinal neuronal classes follows the same
spatial wave pattern, with the rods completing this initial
differentiation (Raymond et al., 1995; Schmitt and Dowling,
1996, 1999). During retinal neurogenesis, nuclei rise to the
apical region of the retinal epithelium, undergo mitosis, and
then migrate to their unique positions in the neural retina
where they complete their morphological differentiation
(Hinds and Hinds, 1974, 1979, 1983). This movement leads
to the formation of distinct retinal layers that are composed
of specific retinal cell types.
The molecular components required for retinal lamina-
tion in zebrafish are being elucidated with genetic screens.
All these pattern mutants exhibit a loss of cell polarity in the
retinal neuroepithelium and a subsequent disruption of
retinal lamination without affecting specification of the
different neuronal classes. The glass onion and parachute
mutations both affect the N-cadherin gene (Lele et al., 2002;
Malicki et al., 2003; Masai et al., 2003). Recently, the genes
corresponding to the heart-and-soul and nagie oko (nok)
mutations were shown to encode components of epithelial
adherens and tight junctions (Horne-Badovinac et al., 2001;
Peterson et al., 2001; Wei and Malicki, 2002). The nok gene
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kinase (MAGUK) protein family, which is expressed in both
the retinal and brain neuroepithelia and localizes immedi-
ately apical of the adherens junction-associated actin bun-
dles (Wei and Malicki, 2002). The Drosophila homolog of
the zebrafish nok gene, stardust, is also required for proper
fly epithelial cell polarity (Bachmann et al., 2001; Hong et
al., 2001). The MAGUK proteins likely function in the
assembly of cytoplasmic protein complexes that control the
formation or maintenance of cell junctions (Dimitratos et al.,
1999). The heart-and-soul (has) gene encodes the zebrafish
atypical protein kinase C E (aPKCE), which is a component
of another protein complex that localizes slightly apical of
the adherens junctions in the retinal neuroepithelium
(Horne-Badovinac et al., 2001; Peterson et al., 2001). While
the adherens junctions in the has mutant appear to form
properly in the retinal neuroepithelium, they are later dis-
rupted and cell divisions become disoriented (Horne-Bado-
vinac et al., 2001; Peterson et al., 2001). The aPKC protein
forms a complex with the Par-3 and Par-6 proteins to
establish cell polarity and control spindle orientation in a
wide variety of multicellular eukaryotes (Wodarz, 2002).
The central protein of this complex, Par-3, possesses three
PDZ domains and an aPKC-binding domain to serve as a
scaffold in assembling the complex (Wodarz, 2002). Thus,
Par-3 is critical in the formation and maintenance of
epithelial tight junctions (Hirose et al., 2002). Recently, it
was shown that Par-3 and stardust (Nok) multi-protein
complexes directly interact to form tight junctions in
MDCK cells (Hurd et al., 2003).
We cloned the zebrafish Par-3 ortholog, pard3, to
examine its role in retinal development. The Pard3 protein
localized to the apical surface of the wild-type retinal
neuroepithelium and later to the outer limiting membrane
and both synaptic plexiform layers in the laminated retina.
Loss of Pard3 function resulted in disruption of the retinal
lamination, without preventing specification of several
retinal cell types. Unlike the other adherens junction-
associated proteins described above, loss of Pard3 expres-
sion also caused cell death in the ventral diencephalon,
which prevented the separation of the eye fields and
resulted in the cyclopic phenotype. Overexpression of
Pard3 also resulted in cyclopia and an eyeless phenotype
in 9–16% of the embryos. While Pard3 exhibited its
expected role in retinal patterning, its requirement in
separating retinal eye fields suggests that Pard3 plays an
unique role in cell viability and development relative to the
aPKCE and Nok proteins.Materials and methods
Molecular cloning of the zebrafish pard3 gene
We performed a BLAST search with the rat ASIP (Par-3
ortholog) sequence and identified the zebrafish EST clonefl75h07, which was used to isolate the full-length zebrafish
cDNA sequence. RT-PCR was performed on zebrafish em-
bryonic mRNA isolated from 24 and 48 hpf embryos using
the FastTrack 2.0 Kit (Invitrogen, Inc.) to isolate the initial
pard3 cDNA clone. The pard3 nomenclature is consistent
with the zebrafish system, as it represents the ortholog of the
human PARD3 gene. 5Vand 3VRACE were performed on 24
and 48 hpf embryonic mRNA using the GeneRacer Kit
(Invitrogen, Inc) to isolate the remainder of the cDNA
sequence. Two pard3 splicing variants were isolated that
differed only in the 3V region, which resulted in one pard3
isoform having an extended open reading frame. The Gen-
Bank accession numbers are AY524777 and AY524776 for
the cDNA and protein sequences corresponding to the 150-
and 180-kDa Pard3 proteins, respectively.
Morpholino knockdown, rescue, and overexpression
experiments
Four antisense morpholino oligos (GeneTools) were
designed based on the 5V UTR sequence to reduce Pard3
protein expression (Heasman, 2002; Nasevicius and Ekker,
2000): Morph-1: tcaaaggctcccgtgctctggtgtc, Morph-2: agat-
catcaataatctttggttcag, Morph-3: tcccgtgctctggtgtcaagatcat,
Morph-4: tcccgaatccaagggaaactcggga, and a control mor-
pholino (to the unrelated green opsin mRNA): cctgcttctgtac-
tacagatatctg. Morpholino oligos were resuspended in water
(1–2 Ag/Al) containing either 0.1% Texas Red-conjugated
dextran or phenol red before injection into wild-type AB
embryos at the one- to four-cell stage. To transcribe mRNAs
in vitro, both pard3 open reading frames and GFP were
cloned into either the pXT7 or pXT7-Myc vector (gifts of
Dr. Len Zon), which contain the h-globin 5Vand 3VUTRs to
flank the cloned open reading frame. The plasmids were
linearized and in vitro transcribed using mMESSAGE
mMACHINE (Ambion). The resulting in vitro-transcribed
pard3 mRNAs that encode 180- and 150-kDa proteins are
4269 and 3608 bases, respectively. The GFP control mRNA
is 987 bases. To rescue morpholino-induced phenotypes, the
embryos were co-injected with the morpholino (Morph-1)
and either 3 ng/Al of in vitro-transcribed pard3 mRNA
(approximately 30–60 pg of mRNA per embryo) or 0.7
ng/Al of GFP control mRNA. For overexpression experi-
ments, 40 ng/Al of in vitro-transcribed pard3 mRNA or 10
ng/Al of GFP mRNA was injected into wild-type embryos.
In all mRNA injection experiments, the molar quantity of
control GFP mRNAwas between the molar quantity of large
and small pard3 mRNAs that were used. Following injec-
tions, embryos were raised at 28.5jC with frequent changes
of culture medium. Embryos were fixed at the desired stages
for histological analysis.
Polyclonal anti-Pard3 antibody production
The cDNA sequence encoding amino acids (907–1111),
which is present in both the 180- and 150-kDa Pard3
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Fig. 2. Immunoblot of Pard3 proteins. Immunoblots of protein extracts from
27 hpf embryos that were incubated with either the anti-Pard3 polyclonal
antiserum (A) or anti-g-tubulin monoclonal antibody (B), which was used
as a control to confirm that equivalent amounts of protein were loaded on
each lane. The lanes correspond to wild-type embryos (lane 1), embryos
injected with anti-pard3 Morph-1 (lane 2), embryos co-injected with
Morph-1 and mRNA encoding the 180-kDa Pard3 isoform (lane 3),
embryos co-injected with Morph-1 and mRNA encoding the 150-kDa
Pard3 isoform (lane 4), embryos co-injected with Morph-1 and mRNA
encoding the 150-kDa Pard3 isoform fused to a six-repeat myc-epitope
(which increases the protein by approximately 9 kDa, lane 5), and embryos
co-injected with Morph-1 and a mRNA encoding GFP (lane 6). All mRNAs
contain the h-globin 5Vand 3VUTRs flanking the open reading frame and
were transcribed in vitro. The 180- and 150-kDa Pard3 proteins are marked
with arrows. The location of the BioRad molecular weight markers (in kDa)
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and the pMAL-c2 vector (New England Biolab) to express a
S-Tag fusion protein and maltose-binding protein (MBP)
fusion protein in Escherichia coli, respectively. This region
lacks any of the conserved Pard3 domains, which should
minimize the antiserum cross-reacting with other proteins.
S-Tag and MBP-fusion proteins were affinity purified
according to manufacturers’ protocols using S-protein aga-
rose and amylose resin, respectively. Rabbits were immu-
nized with purified S-Tag Pard3 fusion protein as previously
described (Vihtelic et al., 1999). The purified MBP-Pard3
fusion protein was coupled to an agarose column using the
AminoLink Plus Immobilization Kit (Pierce). The anti-
Pard3 rabbit serum was immunopurified over the MBP-
Pard3 fusion protein column as previously described (Vih-
telic et al., 1999).
Histology and immunohistochemistry
For histology, embryos were fixed in 4% paraformalde-
hyde in PBS at room temperature overnight, dehydrated,
and embedded in JB4 plastic resin following the manufac-
turer’s protocol. Embedded embryos were sectioned and
stained with 1% methylene blue/azure II and photographed
using an Olympus AX70 microscope.
For immunohistochemistry, embryos were fixed in 4%
paraformaldehyde in PBS at room temperature for 2 h or
4jC overnight. Fixed embryos were infiltrated with 40%
sucrose in 1 PBS at room temperature for 2 h, embedded
in Tissue-Tek media (Sakura Finetek USA), and cryosec-
tioned at 12-Am thickness. The sections were washed with
PBS and incubated with blocking buffer (PBS containing
2% BSA and 0.5% Triton X-100) for 40 min at room
temperature. The sections were incubated with the follow-
ing primary antibodies in blocking buffer at 4jC over-
night: immunopurified rabbit anti-Pard3 polyclonal
antiserum (1:100 dilution); zpr-1 and zn-8 monoclonal
antibodies for green-red double cones and retinal ganglion
cells, respectively (1:600 and 1:50 dilution, respectively;
Zebrafish International Resource Center); anti-carbonic
anhydrase for Mu¨ller glia (1:100 dilution; gift of Dr. Paul
Linser); anti-tyrosine hydroxylase for interplexiform cells
(1:100 dilution; Chemicon). After four washes (PBS con-
taining 0.5% Triton X-100) at room temperature for 10
min each, sections were incubated with either Cy3-conju-
gated goat anti-mouse IgG or Cy5-conjugated goat anti-
rabbit IgG secondary antibodies and Alexa 488-conjugated
phalloidin. Immunostained sections were recorded using a
BioRad MRC1024 laser scanning confocal microscope.Fig. 1. Sequence comparison between Pard3 homologs. The amino acid sequences
6.5.3 software. Dark- and light-shaded boxes indicate amino acid identity and si
terminal conserved domain; PDZ1, PDZ2, and PDZ3 are three PDZ domains; PBD
et al., 1998). The consensus PKC phosphorylation sites (amino acids 811–824)
RACE. The 150-kDa Pard3 isoform contains 1112 amino acids, of which the first
Pard3 isoform. The 1112th and final amino acid of the 150-kDa Pard3 isoform, wZebrafish strains
The standard AB wild-type line was used throughout,
except for the immunohistochemistry of the heart-and-soul
and nagie oko mutants. The hasm567 allele used in this study
is a nonsense mutation and the encoded protein lacks 69 of
the 588 amino acids at the carboxyl terminus of Has (Horne-
Badovinac et al., 2001; Peterson et al., 2001). While this
truncated Has protein is detectable on immunoblots (Peter-
son et al., 2001), it lacks detectable aPKCE kinase activity
(Horne-Badovinac et al., 2001). Similarly, the nokm520 allele
is a nonsense mutation in the guanylate kinase domain and
the encoded protein lacks 157 of the 703 amino acids at the
carboxyl terminus of Nok (Wei and Malicki, 2002). While
this nonsense mutation is likely a severe mutation, the
truncated protein is still detectable at 30–50% of the wild-
type Nok expression level on immunoblots (Wei and
Malicki, 2002). While both hasm567 and nokm520 express
truncated proteins, they represent the most severe has and
nok alleles that are available for analysis.
Immunoblots
To extract embryonic proteins, the yolk of 24 hpf
embryos was first removed with fine forceps in 1 PBS
is shown to the left.of fly Bazooka, rat ASIP, and zebrafish Pard3 were aligned with MacVector
milarity, respectively. Conserved protein domains are boxed: NCR, the N-
, the aPKC-binding domain inferred from a partial ASIP cDNA clone (Izumi
are marked by asterisks. Two Pard3 protein isoforms were identified by 3V
1111 amino acids are identical to the first 1111 amino acids of the 180-kDa
hich is tyrosine, is indicated with an arrow.
Fig. 3. Pard3 expression in the retina and the brain. Immunohistochemistry of wild-type retinal neuroepithelium at 33 hpf (A–C), wild-type brain
neuroepithelium at 33 hpf (D–F), retinal neuroepithelium of an anti-pard3 morpholino-treated embryo at 33 hpf (G–I), and a wild-type laminated retina at 5
dpf (J–O) that was stained with either anti-Pard3 antiserum (left column) or Alexa 488-conjugated phalloidin (middle column). The corresponding merged
images are shown in the right column. The Pard3 protein localized to the apical region of the retinal and brain neuroepithelia at 33 hpf (A and D, respectively)
and partially overlapped the adherens junction-associated actin bundles (B and E, arrows). Some of Pard3 localized slightly more apically to the actin bundles
(C, arrowheads and inset). Asterisks indicate the position of the lens (A–C and G–I) or the brain ventricles (D–F). Anti-pard3 morpholinos eliminated the
expression of Pard3 in the apical regions (arrowheads) of the retinal epithelium (G and I) and resulted in some mislocalization of the actin bundles (H, arrows).
Pard3 localized to three major areas in the retina at 5 dpf (J–O): near or apical to the outer limiting membrane (Panels J and M, arrowhead 1), the outer
plexiform layer, which correlates with the synaptic termini of the photoreceptor cells (Panels J and M, arrowhead 2), and two layers in the inner plexiform layer
(Panel J, arrowheads 3 and 4). The green–red double cones were localized with the zpr-1 monoclonal antibody (L and O, blue). The section was orientated
with the RPE on the top and the lens at the bottom. OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bars indicate 20 Am.
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embryos were homogenized in PBS containing 1% Triton
X-100 and protease inhibitors (2 Al/embryo) on ice and
then microcentrifuged at 10,000 rpm for 1 min to remove
debris. The supernatant was mixed with 6 SDS sample
buffer and boiled for 5 min. The protein of nine embryo
equivalents was loaded and electrophoresed at 50 V
through a 10% polyacrylamide-SDS denaturing gel. Sep-
arated proteins were electrotransferred to nitrocelluloseFig. 4. Pard3 immunolocalization in has and nok mutant retinas. Immunohistoche
retinas, 4 dpf wild-type retinas (G–I), and 33 hpf nokm520 mutant retinas (J–L) w
(middle column). The merged images are shown in the right column. Pard3 (A, arr
33 hpf and partially overlapped with adherens junction-associated actin bundles. A
the hasm567 retina (D, arrows), while actin staining in the outer plexiform layer wa
localized to the outer limiting membrane (arrowhead 1), the outer plexiform layer (
and 4). In the nokm520 mutant retinal neuroepithelium, Pard3 localized to the ectopi
20 Am.and the immunoblot was processed as described (Vihtelic
et al., 1999). The immunoblots were incubated with
either anti-Pard3 antiserum (1:1000 dilution) or anti-g-
tubulin monoclonal antibody (1:5000 dilution; Sigma)
and detected using the ECL system (Amersham) as
previously described (Vihtelic et al., 1999). The expres-
sion of g-tubulin was used as a control to confirm that
an equivalent amount of protein extract was loaded in
each lane.mistry was performed on 33 hpf (A–C) and 4 dpf (D–F) hasm567 mutant
ith anti-Pard3 antiserum (left column) and Alexa-488-conjugated phalloidin
ows) localized to the apical region in the hasm567 retinal neuroepithelium at
t 4 dpf, Pard3 and actin were both localized in the inner plexiform layer in
s interrupted (E, arrowheads). In the 4 dpf wild-type retina, Pard3 and actin
arrowhead 2), and two sublayers in the inner plexiform layer (arrowheads 3
c adherens junction-associated actin bundles (K, arrows). Scale bars indicate
tal Biology 269 (2004) 286–301Quantitating the cyclopia phenotype
The penetrance and expressivity of the cyclopia pheno-
type were quantitated as the cyclopia index (ci) (Marlow et
al., 1998). The embryos were classified as possessing wild-
type eye spacing (class I), reduced eye spacing (class II),
partially fused eyes (class III), completely fused eyes (class
IV), or a single cyclopic eye (class 5). The cyclopia index
(ci) equals [(number of class I  1/number of embryos) +
(number of class II  2/number of embryos) + (number of
class III  3/number of embryos) + (number of class IV 
4/number of embryos) + (number of class V 5/number of
embryos)], where the number of embryos represents the
total number of embryos that were microinjected with a
given morpholino or in vitro-transcribed RNA. Because
the cyclopia index represents the mean classification, a
standard deviation of the mean was also calculated.
Acridine orange staining
To assess the presence of cell death in the brain, we
stained tissue sections with acridine orange. Briefly, live
embryos were incubated in egg water that contained 50 mg/
ml acridine orange for 5 min at room temperature and then
rinsed in egg water for 30 min. Stained embryos were fixed
in 4% paraformaldehyde at room temperature for 2 h,
embedded in Tissue-Tek media, and cryosectioned at 12-
Am thickness. The acridine orange fluorescent signal was
collected with a BioRad MRC1024 laser scanning confocal
microscope.
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Morpholino-mediated phenotypic analysis
Morpholino injections 1 dpf 2 dpf
(2 Ag/Al)
Percent opaque
embryos
Percent embryos with
patchy RPE pigmentation
and cyclopia
Anti-pard3 Morph-1 97% (n = 88) 96% (n = 51)
Anti-pard3 Morph-2 13% (n = 90) 7% (n = 90)
Anti-pard3 Morph-3 88% (n = 76) 63% (n = 69)
Anti-pard3 Morph-4 75% (n = 58) 84% (n = 52)
Anti-pard3 Morph-3
and -4
97% (n = 60) 92% (n = 38)
Control Morph 0% (n = 56) 0% (n = 56)
Phenotypes associated with reduced Pard3 expression. Four anti-pard3
morpholino oligos were designed against different regions of the 5V UTR of
the pard3 mRNA. Morph-2 bound 75 nucleotides upstream of the
translational start codon, while Morph-1, -3, and -4 bound between
Morph-2 and the translational start codon. The percent of opaque embryos
at 1 dpf and the percent of embryos exhibiting patchy RPE pigmentation
and cyclopia at 2 dpf are recorded. The control morpholino was generated
against the 5V UTR of the green opsin mRNA.Results
Molecular cloning of the zebrafish pard3 gene
We performed a BLAST search of the zebrafish EST
database using the rat ASIP (atypical protein kinase C
isotype-specific interacting protein, the rat Par-3 homolog)
sequence as query and identified clone fl75h07. We named
the gene corresponding to this zebrafish EST pard3, which
represents the zebrafish ortholog of the human PARD3
gene. Because this EST lacked both the 5V and 3V ends of
the open reading frame, we performed 5V and 3VRACE and
identified two cDNA classes with open reading frames that
potentially encode proteins of either 1332 or 1112 amino
acids (the Pard3 180- and 150-kDa isoforms, respectively).
Because both cDNA classes possessed the same 5V untrans-
lated sequence and the first 3333 nucleotides of both open
reading frames were identical, they must represent alterna-
tively spliced products of the same gene. Similarly, the rat
ASIP and mouse mPar-3 also have at least two alternatively
spliced isoforms that produce proteins with different length
carboxyl termini (Izumi et al., 1998; Lin et al., 2000).
The deduced sequence of the 180-kDa Pard3 isoform
possessed 62% amino acid identity overall with the largestrat ASIP and 28% identity with the Drosophila Par-3
homolog, Bazooka (Fig. 1). Similar to other Par-3 family
members, both Pard3 isoforms contain three PDZ domains
that possess 79–94% and 31–65% amino acid identity with
the rat ASIP and fly Bazooka PDZ domains, respectively.
The conserved amino-terminus of Pard3 (Fig. 1, NCR) also
exhibits 71% identity to the first 246 amino acids of rat
ASIP and 41% amino acid identity with the first 189 amino
acids of Bazooka (Fig. 1). Amino acids 710–913 of Pard3
(Fig. 1, PBD) have 64% identity with the aPKC-binding
domain of rat ASIP (amino acids 712–936, Izumi et al.,
1998). Amino acids 742–913 in Pard3 also possess 23%
identity with amino acids 912–1136 in the Drosophila
Bazooka protein. Furthermore, the aPKCE phosphorylation
site in the aPKC-binding domain of the rat ASIP, which
negatively autoregulates the ASIP–aPKCE complex (Ohno,
2001), is also present at amino acids 811–824 in Pard3 (Fig.
1, asterisks). The overall high amino acid identity, organi-
zation of the putative functional domains, and the conserved
potential regulatory phosphorylation site demonstrate that
Pard3 represents the zebrafish Par-3 ortholog.
Pard3 expression pattern in the retina and brain
To begin studying the role of Pard3 in development, we
examined its expression pattern. In situ hybridization
revealed that both pard3 transcripts were expressed
throughout the retinal and brain epithelia of zebrafish
embryos (data not shown). We also generated a rabbit
polyclonal antiserum against amino acids 907–1111 of
Pard3, which are identical in both Pard3 isoforms and lack
the conserved sequence domains. This antiserum detected
150- and 180-kDa proteins on immunoblots (Fig. 2A, lane
1) which are larger than the predicted 120- and 150-kDa
Pard3 isoforms. Similarly, the predicted 120- and 150-kDa
rat ASIP proteins were detected on immunoblots of MDCK
X. Wei et al. / Developmental Biology 269 (2004) 286–301 293cell homogenates as 150- and 180-kDa proteins, respective-
ly (Izumi et al., 1998). The specificity of our antiserum was
confirmed by the dramatic reduction in the amount of both
Pard3 proteins on immunoblots of anti-pard3 morpholino
(Morph-1)-injected 27 hpf embryo homogenates (Fig. 2A,
lane 2). A control immunoblot for g-tubulin expression
confirmed that similar amounts of protein homogenates
from wild-type and morpholino-injected embryos were
loaded on both lanes (Fig. 2B, lanes 1 and 2, respectively).
We also confirmed the identity of Pard3 isoforms by co-
injecting Morph-1 and in vitro-transcribed pard3 mRNAs
that encode either the 180- or 150-kDa proteins (Fig. 2A,
lanes 3 and 4, respectively). Additionally, embryos co-
injected with Morph-1 and in vitro-transcribed pard3
mRNA encoding the 150-kDa isoform fused to a six-repeat
myc-epitope expressed a protein with a molecular weight of
approximately 160 kDa on immunoblots (Fig. 2A, lane 5).
Co-injection of Morph-1 and an in vitro-transcribed mRNA
encoding GFP failed to express a protein that was detected
by the anti-Pard3 polyclonal antiserum (Fig. 2A, lane 6),Fig. 5. Morpholino-mediated reduction of Pard3 expression resulted in cell death. A
section of the wild-type retina and brain epithelia at 24 hpf (C). A lateral (D) an
revealed an opaque area in the head region (arrow), which suggests extensive cell
death in the region of the ventral diencephalon, which was characterized by
neuroepithelium appeared normal (F, arrowhead). Wild-type and Morph-1-treated e
dead cells (Panels G and H, respectively). While a few acridine orange-labeled cell
in the ventral diencephalon region in the head of the Morph-1-injected embryo (a
expression (Panels I and J, respectively). Merged confocal image (K) confirmed tha
of the ventral diencephalon at the time when significant cell death is observed in
panels. Scale bars indicate 50 Am.which confirmed that the 180- and 150-kDa proteins
detected in Fig. 2A (lanes 3 and 4, respectively) were
encoded in the corresponding in vitro-transcribed pard3
mRNAs.
We used the anti-Pard3 serum to examine the spatial
distribution of the Pard3 protein. At 33 hpf, the Pard3
protein localized to the apical region of the retinal and brain
epithelia (Fig. 3, Panels A and D, respectively). When the
adherens junction-associated actin bundles were localized
with phalloidin (Fig. 3, Panels B and E), the Pard3 expres-
sion pattern partially overlapped actin (Fig. 3, Panels C and
F), with Pard3 being slightly more apical than actin bundles
(Fig. 3C, arrowheads and inset). The specificity of this
Pard3 pattern was confirmed in embryos that were injected
with anti-pard3 morpholinos (Morph-1), which lacked the
apical Pard3 staining (Fig. 3G). These Morph-1-injected
embryos exhibited a disrupted pattern of phalloidin-stained
adherens junction-associated actin bundles in the apical
region, with some actin bundles mislocalized to the basal
region of the retinal neuroepithelium (Fig. 3H, arrows). Thislateral (A) and ventral (B) view of a wild-type embryo at 24 hpf. A plastic
d ventral view (E) of an anti-pard3 morpholino-injected embryo at 24 hpf
death. A transverse section showed fusion of the retinas and extensive cell
darkly stained pyknotic nuclei (F, arrows). Cell viability in the retinal
mbryos at 24 hpf were incubated in acridine orange and sectioned to identify
s were identified in the wild-type head (arrow), a larger number were present
rrows). A wild-type head at 24 hpf was immunostained for actin and Pard3
t Pard3 expression is present in the apical region of the neuroepithelial cells
Morph-1-injected embryos. The lens (L) and retina (R) are labeled in some
X. Wei et al. / Developmental Biology 269 (2004) 286–301294implies that Pard3 is involved in generating or maintaining
epithelial cell polarity as it does in the epithelia of other
organisms.
We also examined Pard3 localization after retinal lam-
ination and the visual system was functional. At 5 days
post-fertilization (dpf), Pard3 was distributed in three
major areas in the retina. First, Pard3 localized near the
outer limiting membrane (Fig. 3, Panels J and M, arrow-
head 1). Second, Pard3 was found in the outer plexiform
layer, which corresponds to the photoreceptor cell synaptic
layer (Fig. 3, Panels J and M, arrowhead 2). Third, Pard3
was localized in a punctate pattern in the inner plexiform
layer, which could be subdivided into two layers with one
near the edge of the ganglion cell layer and the other
closer to the inner nuclear layer (Fig. 3J, arrowheads 3 and
4). This broad expression of Pard3 in the various retinal
layers was not previously observed with the Nagie oko
protein (Wei and Malicki, 2002), which suggests that
Pard3 has a more general role in cell–cell junctional
maintenance.
Zebrafish mutations affecting Pard3 expression pattern in
the retina
It was previously demonstrated that the rat Par-3 homo-
log (ASIP) binds the atypical protein kinase CE (Izumi et
al., 1998) and that this complex interacts with the Stardust–
Nok protein complex at the tight junction of MDCK cells
(Hurd et al., 2003). We examined how mutations in the
zebrafish heart-and-soul and nagie oko genes, which disrupt
the aPKCE and Nok proteins, respectively, would affect
Pard3 localization in the retina. The hasm567 allele used in
this study is a nonsense mutation and produces a truncated
protein that lacks detectable kinase activity (Horne-Badovi-
nac et al., 2001; Peterson et al., 2001). Similarly, the nokm520
allele is a nonsense mutation in the guanylate kinase domainFig. 6. Morpholino-mediated reduction of Pard3 expression caused patchy RPE p
embryo at 2 dpf (A and B, respectively). The patchy pigmentation in the RPE (arro
are marked. The ventral head region of a wild-type embryo (C) shows the normal s
pard3 morpholino-treated embryos exist from the wild-type distance between the e
D–H (ranging from 1 to 5, respectively) represent the degrees of cyclopia express
injection of in vitro-transcribed pard3 mRNA (encoding the 150-kDa Pard3 isofo
(Morph-1) rescued the Morph-1-induced cyclopia phenotype and the patchy RPEthat lacks the final 157 amino acids of the 703 amino acid
Nok protein and is expressed at 2- to 3-fold lower levels
relative to wild-type Nok (Wei and Malicki, 2002).
At 33 hpf, the Pard3 and phalloidin-stained actin bundles
were both localized in the apical region of the hasm567
mutant retinal neuroepithelium (Fig. 4, Panels A–C) and
were indistinguishable from the wild-type retina (Fig. 3,
Panels A–C). However, by 96 hpf, the Pard3 expression in
the hasm567 mutant retina was restricted to the inner plex-
iform layer (Fig. 4, Panels D and F). This was in contrast to
the Pard3 expression near the outer limiting membrane (Fig.
4G, arrowhead 1), the outer plexiform layer (Fig. 4G,
arrowhead 2), and two distinct layers in the inner plexiform
layer of the wild-type retina (Fig. 4G, arrowheads 3 and 4).
Furthermore, the phalloidin-stained actin bundles in the
hasm567 mutant retina were properly localized in the inner
plexiform layer, while the bundles were dramatically re-
duced and disrupted near the outer limiting membrane and
the outer plexiform layer (Fig. 4, Panels E and F). This
suggests that the has-encoded aPKCE kinase activity is not
required for the proper localization of Pard3 in the retinal
neuroepithelium and the inner plexiform layer in the lami-
nated retina. However, the has-encoded aPKCE kinase
activity is required to maintain Pard3 at the outer limiting
membrane and outer plexiform layer.
As was previously demonstrated (Wei and Malicki,
2002), the nokm520 mutation disrupted the apical localization
of phalloidin-stained actin bundles in the retinal neuro-
epithelium (Fig. 4, Panels K and L). We found that Pard3
was also improperly localized in 33 hpf nokm520 mutants
(Fig. 4, Panels J and L). Surprisingly, the Pard3 protein
remained associated with ectopic actin bundles in the
nokm520 mutant (Fig. 4, Panels K and L, arrows), which
suggests that Nok activity was not required for the coloc-
alization of Pard3 with the adherens junctions-associated
actin bundles.igmentation and cyclopia. A wild-type and anti-pard3 morpholino-injected
w) and the pericardial edema (arrowhead) in the morpholino-treated embryo
pacing between the eyes. A spectrum of cyclopic phenotypes (D–H) in anti-
yes (D) to a single eye (H). The numbers in the lower right corner of Panels
ivity that were used to determine the cyclopia index in Tables 2 and 3. Co-
rm flanked by the h-globin 5Vand 3VUTRs) with the anti-pard3 morpholino
pigmentation defect (I). Scale bars indicate 100 Am.
Table 2
Rescue of the morpholino-induced phenotype with pard3 mRNA
Injections 1 dpf 2 dpf
Percent opaque
embryos
Percent embryos
with patchy RPE
pigmentation
and cyclopia
Anti-pard3 Morph-1
(1.5 Ag/Al)
97% (n = 88) 96% (n = 51)
ci = 4.01 F 0.51
Anti-pard3 Morph-1
(1.5 Ag/Al) and short
pard3 mRNA (3 ng/Al)
75% (n = 53) 47% (n = 15)
ci = 2.33 F 0.72
Anti-pard3 Morph-1
(1.5 Ag/Al) and long
pard3 mRNA (3 ng/Al)
67% (n = 99) 36% (n = 96)
ci = 2.16 F 0.75
Anti-pard3 Morph-1
(1.5 Ag/Al) and both short
and long pard3 mRNAs
(1.5 ng/Al each)
not determined 68% (n = 41)
ci = 2.58 F 0.72
Anti-pard3 Morph-1
(1.5 Ag/Al) and
GFP control mRNA
(0.7 ng/Al)
not determined 98% (n = 45)
ci = 4.04 F 0.57
pard3 mRNA expression rescued the anti-pard3 Morp-1-induced pheno-
types. Wild-type pard3 mRNAs encoding the 150- and 180-kDa Pard3
isoforms were in vitro transcribed and co-injected with Morph-1 (Table 1)
into wild-type embryos. The percentage of embryos that were opaque in the
region of the RPE and ventral forebrain at 1 dpf and the percentage of
embryos exhibiting cyclopia and patchy RPE pigmentation at 2 dpf are
shown. The cyclopia index (ci) and standard deviation were determined for
each group of injected embryos at 2 dpf. The cyclopia index ranges from
1.0 (wild-type spacing between the eyes) to 5.0 (the presence of a single
eye). The phenotypes associated with each of the cyclopia index categories
are shown in Fig. 6 (Panels D–H).
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in cell death in the ventral forebrain and cyclopia
To determine if Pard3 is involved in retinal develop-
ment, we used antisense morpholino oligos (Heasman,
2002; Nasevicius and Ekker, 2000) to reduce expression
of the Pard3 protein in genetically wild-type embryos.
Four different antisense morpholino oligos, complementary
to the 5V UTR of the pard3 gene, were individually
injected into one- to four-cell stage embryos. The anti-
pard3 morpholinos significantly reduced the amount of
Pard3 protein detected in embryos by immunoblot and
immunolocalization (Figs. 2A and 3G, respectively). Three
of the four morpholinos produced strong reproducible
phenotypes (Table 1), which we described in greater detail
using morpholino-1 (Morph-1).
At 24 hpf, we first observed opaque areas near the retinal
pigmented epithelium (RPE) and forebrain in morpholino-
treated embryos (Fig. 5D). Using Morph-1, 97% of the
injected embryos were opaque (Table 1). Histology of the
morpholino-treated embryos revealed that the opaqueness
coincided with an accumulation of pyknotic nuclei in the
region of the ventral forebrain (Fig. 5F). Both the opaque
phenotype and large amount of pyknotic nuclei were not
observed in wild-type embryos (Fig. 5, Panels A and C,
respectively). Acridine orange staining confirmed that the
ventral forebrain of morpholino-treated embryos contained
more dead cells than the wild-type brain (Fig. 5, Panels H
and G, respectively). Furthermore, immunohistochemistry
revealed that Pard3 expression was localized to the apical
region of neuroepithelial cells in the ventral diencephalon at
this time in development (Fig. 5, Panels I–K). Taken
together, Pard3 is likely required for cell viability in the
ventral forebrain.
At 24 hpf, the anti-pard3 morpholino-injected embryos
exhibited a reduced distance between the eyes relative to
wild-type embryos (Fig. 5, Panels E and B, respectively).
By 2 dpf, the cyclopic phenotype ranged from a wild-type
distance between the eyes to complete fusion (Fig. 6, Panels
D–H). Additionally, the RPE pigmentation was clearly
patchy in the anti-pard3 morpholino-treated embryo at 2
dpf relative to wild type (Fig. 6, Panels B and A, respec-
tively). As with the opaque phenotype, Morph-1 was most
effective at generating cyclopia (Table 1), with approxi-
mately 95% of the surviving opaque embryos exhibiting a
shortened distance between the eyes at 48 hpf. This pheno-
type was associated with the loss of Pard3 function, as none
of the embryos injected with a morpholino generated against
the unrelated green opsin mRNA displayed cyclopia (Table
1). Besides cyclopia and the patchy RPE pigmentation, the
anti-pard3 morpholino-treated embryos also exhibited a
curled body axis (Figs. 5D and 6B) and pericardial edema
at 2 dpf (Fig. 6B, arrowhead).
To independently confirm that these phenotypes were
associated with reduced Pard3 protein expression, we co-
injected Morph-1 with in vitro-transcribed pard3 mRNA
X. Wei et al. / Developmenencoding either the short or long open reading frame
flanked by the h-globin 5V and 3V UTRs. Immunoblots
revealed that these co-injected embryos expressed either
the 150- or 180-kDa Pard3 protein, which were both
absent in Morph-1-injected embryos (Fig. 2A). While
97% of the Morph-1-injected embryos possessed opaque-
ness at 1 dpf and 96% of the survivors exhibited cyclopia
at 2 dpf, only 75% of embryos co-injected with Morph-1
and mRNA encoding the 150-kDa Pard3 isoform were
opaque at 1 dpf and only 47% of the survivors were
cyclopic at 2 dpf (Table 2; Fig. 6I). Co-injecting Morph-1
with mRNA encoding the 180 kDa Pard3 isoform slightly
improved the rescue of the morpholino-induced pheno-
types, with 67% of the embryos opaque at 1 dpf and 36%
of the survivors being cyclopic at 2 dpf (Table 2).
However, increasing the concentration of the injected
pard3 mRNA to 15 ng/Al failed to further suppress the
phenotypes (data not shown). To quantitate the extent of
cyclopia, we utilized the cyclopia index (Marlow et al.,
1998). The expressivity of the cyclopia phenotype was
scored from 1.0, which represented the wild-type distance
between the eyes, to 5.0, which represented the presence
of only a single eye (Fig. 6, Panels D–H). While injection
of Morph-1 resulted in a cyclopia index of 4.01, co-
injection of Morph-1 and either (or both) in vitro-tran-
X. Wei et al. / Developmental Biology 269 (2004) 286–301296scribed pard3 mRNA yielded a reduced cyclopia index of
2.16 to 2.58 (Table 2). Control embryos that were co-
injected with Morph-1 and in vitro-transcribed GFP
mRNA produced a cyclopia index of 4.04, which suggests
that the pard3 mRNA specifically suppressed the Morph-
1-induced cyclopia.
Anti-pard3 morpholino-treated embryos display retinal
patterning defects
Because the zebrafish has mutant exhibits loss of retinal
lamination (Horne-Badovinac et al., 2001; Peterson et al.,
2001) and the has-encoded atypical protein kinase C is
required for persistent Pard3 localization in the outer retina
(Fig. 4D), we examined if Pard3 was also required for
proper retinal patterning. Histology of the anti-pard3 mor-
pholino-treated cyclopic embryos revealed that the retinas
were all severely disorganized, with no apparent lamination
(Fig. 7B), which was similar to the patterning defects
observed in has and nok mutant retinas (Wei and Malicki,Fig. 7. Loss of Pard3 function disrupted retinal patterning. At 5 dpf, histology wa
cyclopic embryo (B), an anti-pard3 morpholino-injected embryo that developed f
with anti-pard3 Morph-1 and in vitro-transcribed pard3 mRNA (encoding the 150
The ganglion cell and inner plexiform layers are marked with arrows and asterisk
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform2002). In embryos that possessed fused retinas and two
lenses, retinal lamination was still disrupted (Fig. 7C).
However, some aspects of lamination such as the retinal
ganglion cell layer and inner plexiform layer (arrows and
asterisks, respectively) could be morphologically identified.
Co-injection of Morph-1 with in vitro-transcribed pard3
mRNA encoding either the 150- or 180-kDa Pard3 revealed
that cellular patterning in the rescued retinas was relatively
normal (Fig. 7D, n = 20 retinas with each pard3 mRNA).
Thus, this patterning defect was also due to the reduction in
Pard3 expression.
We examined if the disrupted retinal organization resulted
in the absence of various retinal cell types by staining
anti-pard3 morpholino-treated retinas with several differ-
ent retinal cell-type specific antibodies. While ganglion
cells, Mu¨ller glia, interplexiform cells, and double cones
were all present (Fig. 8, Panels E–H), they lacked the
highly organized arrangement that was present in the
wild-type retina (Fig. 8, Panels A–D). This demonstrates
that Pard3 is required for proper cellular patterning. Wes performed on a wild-type embryo (A), an anti-pard3 morpholino-injected
used retinas with separated lenses (C), and an embryo that was co-injected
-kDa Pard3 open reading frame flanked by the h-globin 5Vand 3VUTRs; D).
s, respectively (C). RPE, retinal pigmented epithelium; ONL, outer nuclear
layer; GCL, ganglion cell layer; L, lens. Scale bar indicates 100 Am.
Fig. 8. Loss of the Pard3 function did not affect the specification of retinal cells. The retinas of 5 dpf wild-type (A–D) and 5 dpf anti-pard3 morpholino-
injected embryos (E–H) were immunostained with zn-8 for ganglion cells (A and E, arrows), anti-carbonic anhydrase for Mu¨ller glia (B and F, arrows), anti-
tyrosine hydroxylase for interplexiform cells (C and G, arrows), and zpr-1 for double cone photoreceptors (D and H, arrows). Scale bar indicates 50 Am.
Table 3
Pard3 overexpression phenotypes
Injections Percentage of cyclopic
embryos/Percentage
of eyeless embryos
Cyclopia index
GFP control mRNA
(10 ng/Al)
8%/1% 1.20 F 0.34
(n = 61)
Short pard3 mRNA
(40 ng/Al)
68%/9% 2.80 F 0.79
(n = 44)
Long pard3 mRNA
(40 ng/Al)
47%/13% 2.17 F 0.80
(n = 60)
Short and long pard3
mRNAs (20 ng/Al each)
61%/16% 2.39 F 0.77
(n = 51)
Overexpression of pard3 mRNA produced cyclopic and eyeless embryos.
Wild-type pard3 mRNAs encoding the 150- and 180-kDa Pard3 isoforms
were in vitro transcribed and individually injected into wild-type embryos.
The percent of cyclopic and eyeless embryos was determined at 2 dpf. The
cyclopia index and standard deviation were also determined at 2 dpf.
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receptors in the morpholino-treated retina at 5 dpf was
significantly less relative to the wild-type retina (Fig. 8,
Panels H and D, respectively). This reduced number of
double cone cells could be due to the morpholino-
injection delaying the differentiation of the double cone
photoreceptors. We found that wild-type retinas at 3 dpf
also possessed significantly more double cone photore-
ceptors than the anti-pard3 Morph-1-treated retinas at 5
dpf (data not shown). Unfortunately, the Morph-1-treated
embryos fail to survive past 6 dpf, which prevents the
further analysis of developmental delay. Because it is
unlikely that the differentiation of double cone cells in
morpholino-injected embryos was delayed by at least 2
days, the reduction in the number of double cone photo-
receptors is likely an effect of Pard3 on the differentia-
tion or maintenance of the double cone cells.
Overexpression of Pard3
The inability of increased amounts of in vitro-transcribed
pard3 mRNA to further rescue morpholino-induced pheno-
types suggests that the amount of Pard3, which likely serves
as a scaffold in a protein complex, is tightly regulated. To
test if Pard3 overexpression produces a dominant pheno-
type, we independently injected either pard3 mRNA into
wild-type embryos. While 47–68% of the embryos dis-
played various degrees of cyclopia expressivity (Table 3;
Fig. 9, Panels C–F), they also failed to exhibit the Morph-1-
induced patchy RPE pigmentation (Fig. 9, Panels C and B,
respectively). Furthermore, 9–13% of the embryos injected
with either pard3 mRNA completely lacked eyes (Table 3).
In contrast, injection of GFP control mRNA yielded only
8% and 1% of the embryos that were cyclopic and eyeless,respectively (Table 3). The cyclopia index of the pard3-
injected embryos ranged from 2.17 to 2.80, while the GFP-
injected embryos had a cyclopia index of 1.20 (Table 3).
Thus, overexpression of Pard3 also resulted in an increased
expressivity of cyclopia. Histology of cyclopic embryos
produced from overexpression of the 150-kDa Pard3
revealed normal retinal lamination 95% of the time (Fig.
9D, n = 20 retinas) and patterning defects 5% of the time
(Fig. 9E). Thus, loss of Pard3 expression, rather than
cyclopia, was the cause of the defective lamination in the
anti-pard3 morpholino-treated embryos. In contrast, 54% of
the cyclopic embryos (n = 113 retinas) resulting from
overexpression of the 180-kDa Pard3 exhibited retinal
lamination defects (Fig. 9F). The 10-fold greater percentage
of retinal patterning abnormalities and eyeless embryos
produced by overexpressing the 180-kDa relative to the
Fig. 9. Overexpression of Pard3 results in cyclopia. Ventral views of the head region of a wild-type embryo at 2 dpf (A), a cyclopic embryo produced by
injection of anti-pard3 Morph-1 (B), and a cyclopic embryo generated by injection of wild-type pard3 mRNA (C). In all the pard3 mRNA-injected embryos,
the RPE pigmentation was normal. Overexpression of the 150-kDa Pard3 isoform resulted in cyclopic embryos that had normal retinal lamination 95% of the
time and disrupted lamination 5% of the time (Panels D and E, respectively). Overexpression of the pard3 mRNA encoding the 180-kDa Pard3 isoform also
generated a cyclopic phenotype with 54% of the retinas possessing disrupted lamination (F). The embryos injected with pard3mRNA also exhibited pericardial
edema and curvature of the body axis (data not shown), which may represent nonspecific effects of the mRNA injections as injection of in vitro-transcribed
GFP mRNA produced similar frequencies of these phenotypes as pard3-injected embryos. RPE, retinal pigmented epithelium; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars indicate 100 Am.
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ence existed between the two proteins.Discussion
The Par-3 family of proteins, which is found in all
multicellular eukaryotes from Caenorhabditis elegans to
humans, forms a complex with Par-6 and aPKC to establish
and maintain the tight and adherens junctions in a wide
variety of polarized cells (Wodarz, 2002). A mutation in the
zebrafish aPKCE gene (has) produces a variety of pheno-
types, one of which is the loss of retinal lamination (Horne-
Badovinac et al., 2001; Peterson et al., 2001). The Par-3
protein complex also interacts in MDCK cells with another
protein complex containing a member of the membrane-
associated guanylate kinase protein family (Dimitratos et al.,
1999), which is encoded by the nagie oko (nok) gene in
zebrafish (Wei and Malicki, 2002). The nok mutant also
exhibits a loss of retinal lamination (Wei and Malicki,
2002). Thus, we anticipated that the zebrafish Par-3 ortho-
log would also be involved in retinal lamination. While
morpholino-induced reduction of Pard3 expression pro-
duced the expected disruption of retinal patterning, we also
observed three unanticipated abnormalities. First, the anti-
pard3 morpholino-injected embryos exhibited a cyclopic
phenotype, which was not previously observed in either thehas or nok mutants (Horne-Badovinac et al., 2001; Peterson
et al., 2001; Wei and Malicki, 2002). Second, overexpres-
sion of the wild-type Pard3 protein resulted in cyclopia and
eyeless embryos. Third, the Pard3 protein expression per-
sists in the laminated wild-type retina in a broader pattern
than described for either the Has or Nok proteins (Horne-
Badovinac et al., 2001; Peterson et al., 2001; Wei and
Malicki, 2002)). Taken together, Pard3 must be involved
in functions that are not restricted to its interactions with
either Has or Nok. This demonstrates the importance of
further characterization of the Pard3 protein, rather than
assigning its function based solely on the role of its
interacting partners.
Cyclopia
During gastrulation, a series of inductive events between
the neuroectoderm and mesoderm and within the neuro-
ectoderm creates a single eye field at the anterior region of
the neural plate (Hemmati-Brivanlou and Melton, 1997;
Sasai and De Robertis, 1997; Varga et al., 1999). By the
end of gastrulation, the bilateral optic primordia are gener-
ated from the single eye field (Saha et al., 1992), which
remain connected to the ventral diencephalon (Schmitt and
Dowling, 1994). There are two mechanisms that likely
contribute to the separation of the two eye fields. First,
the anterior movement of ventral diencephalic precursor
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(Varga et al., 1999; Woo and Fraser, 1995). Second, induc-
tive midline signals from the prechordal plate promote the
proliferation and differentiation of optic stalk cells and
inhibit the differentiation of midline cells toward a retinal
identity, which results in further separation of the two eye
fields (Li et al., 1997; Macdonald et al., 1995).
Mutations that affect either of these two processes can
produce various degrees of cyclopia. The zebrafish cyclops
gene, which encodes a nodal-related member of the trans-
forming growth factor type h superfamily (Rebagliati et al.,
1998; Sampath et al., 1998), is expressed in the shield
hypoblast and later in the prechordal plate of the axial
mesendoderm (Rebagliati et al., 1998). Loss of cyclops
activity reduces the volume of the medial floor plate and
ventral forebrain (Hatta et al., 1994), which results in ventral
diencephalic precursor cells failing to move anteriorly
(Varga et al., 1999). Mutations in one-eyed pinhead and
squint, which are both involved in forming the axial
mesoderm and midline signaling, also result in cyclopia
(Feldman et al., 1998; Schier et al., 1997).
We demonstrated that disrupting normal Pard3 function
by either reducing Pard3 expression with morpholinos or
overexpressing Pard3 using in vitro-transcribed mRNA
generated a cyclopic phenotype. The reduction in Pard3
expression produced extensive cell death in the ventral
forebrain and loss of the RPE during early development
(Fig. 5). The death of ventral diencephalon cells likely
prevents the physical separation of the eye field and
produces the cyclopic phenotype. This suggests that the
zebrafish Pard3 is required for the viability of at least a
subset of ventral diencephalon cells. It is possible that the
loss of Pard3 function disrupts a signaling event mediated
by the tight junctions that is required for cell survival. This
phenotype was unexpected, as neither has nor nok mutants
were cyclopic. Thus, the Pard3 protein possesses a function
that is independent of either the Has or Nok proteins.
The mechanism by which Pard3 overexpression pro-
duced the eyeless phenotype is also unclear. It likely
involves the inability to form the single primordial eye field
in the neural plate rather than the loss of both eye fields after
separation. The eyeless phenotype may be due to the over-
expression and disruption of a Pard3-related function very
early in eye development. Recently, the zebrafish cDNA
encoding the 150-kDa Pard3 isoform was cloned and named
asip (Geldmacher-Voss et al., 2003). Expressing in vitro-
transcribed asip–egfp fusion mRNAs, they demonstrated
that the ASIP protein was first detected at cell–cell contact
points on the membrane of neural plate cells. After infolding
of the neural plate to from the neural keel, the fusion protein
became localized to the apical membrane. This initial
expression in the neural plate is consistent with the devel-
opmental period for eye field formation. However, it is
surprising that Pard3 overexpression would disrupt the
Pard3 complex formation and the morpholino-induced re-
duction of Pard3 expression would not have a similar effect(no eyeless embryos were identified in the morpholino-
injected embryos, data not shown). Thus, it is possible that
the Pard3 overexpression may perturb a process that is
normally unrelated to Pard3. This could involve the inter-
action between the Pard3 PDZ domains and one or more
proteins to disrupt another protein complex to produce the
eyeless phenotype.
Cellular patterning in the retina
Similar to other vertebrates, zebrafish retinal cells are
precisely arranged into different layers. The zebrafish has
and nok mutants reveal that the apical junction complexes of
the neuroepithelial sheet are essential for proper retinal
lamination. We found that anti-pard3 morpholino treatment
resulted in ectopic localization of apical adherens junction-
associated actin bundles (Fig. 3H, arrows) and disrupted
retinal lamination (Fig. 7, Panels B and C). Two interesting
observations were made with regards to the apical localiza-
tion of Pard3 in mutant backgrounds. First, the Pard3
protein continued to immunolocalize with the misplaced
adherens junction-associated actin bundles in the nokm520
mutant (Fig. 4, Panels J–L). This clearly demonstrates that
the Nok protein is not required for the proper association
between the Pard3 complex and the F-actin bundles. Sec-
ond, the hasm567 mutant failed to disrupt the association
between Pard3 and the F-actin bundles in the apical region
of the retinal neuroepithelium (Fig. 4, Panels A–C). This
Pard3-actin association could result from the truncated
mutant Has protein retaining the ability to interact with
Pard3, even though it lacks its kinase activity (Horne-
Badovinac et al., 2001). However, the Pard3 protein failed
to associate with actin near the outer limiting membrane and
outer plexiform layer in the differentiated hasm567 retina at 4
dpf, even though Pard3 and actin expression persisted in the
inner plexiform layer in the hasm567 mutant (Fig. 4, Panels
D–F). This suggests that Pard3 requires the Has protein to
stabilize its association in some junctional complexes in the
photoreceptor layer and an alternative stabilization factor in
other complexes. In the case of the inner plexiform layer
(Fig. 4, Panels D–F), Pard3 association in the hasm567
mutant could be mediated by either another aPKC or
through an entirely novel mechanism.
We also found that overexpression of the wild-type
mRNA encoding the 150-kDa Pard3 isoform resulted in
cyclopic retinas that were properly laminated 95% of the
time. This clearly demonstrates that the disruption of the
retinal layers was not a consequence of cyclopia. Rather, the
role of Pard3 in maintaining cell viability in the ventral
diencephalon is likely more sensitive to the level of Pard3
expression than the Pard3 activity required for retinal
lamination. Furthermore, overexpression of the mRNA
encoding the 180-kDa Pard3 isoform also resulted in cyclo-
pia in 47% of the injected embryos. However, 54% of these
cyclopic retinas exhibited abnormal retinal lamination com-
pared to only 5% of the cyclopic retinas generated by
X. Wei et al. / Developmental Biology 269 (2004) 286–301300overexpressing the 150-kDa isoform. This suggests that
retinal lamination is more sensitive to altered expression
levels of the 180-kDa Pard3 isoform than the 150-kDa
isoform and may point to a functional difference between
the two protein isoforms.
After the retinal layers were generated, Pard3 was
localized to the inner and outer plexiform layers (Fig.
3, Panels J–L). This suggests that Pard3 may be local-
ized to all or some of the photoreceptor cell synaptic
termini that are in the outer plexiform layer. Additionally,
Pard3 was localized to the outer limiting membrane (Fig.
3, Panels J–O), where cell–cell junctions exist between
photoreceptor cells and between photoreceptor cells and
Mu¨ller glial cells. The significantly lower number of
double cone photoreceptors in the morpholino-treated
retina at 5 dpf relative to the wild-type retina (Fig. 8,
Panels H and D, respectively) could result from a
reduced expression of Pard3 in the outer limiting mem-
brane and outer plexiform layer. This implies that Pard3
may play a role in maintaining photoreceptor viability
through generating membrane complexes at these sites of
cell–cell contact. Alternatively, Pard3 may participate in
the differentiation of double cone photoreceptors through
an unidentified mechanism. It is also interesting to note
that of the three retinal layers that exhibit Pard3 expres-
sion, only the outer limiting membrane also exhibits Nok
localization (Wei and Malicki, 2002). This wider distri-
bution suggests that Pard3 has broader functions in
differentiated retinal neurons than Nok.
Pard3 and the previously identified Has and Nok proteins
have some common features: (i) all are required for proper
cellular patterning in the retina, (ii) they localize apically in
the retinal and brain neuroepithelia, and (iii) they all localize
around the outer limiting membrane in the differentiated
photoreceptor layer. However, Pard3 differs in several
important ways: (i) loss of Pard3 function, but neither Has
nor Nok, causes a cyclopic phenotype, (ii) Pard3 is localized
in the inner and outer plexiform layers of the differentiated
retina, and (iii) loss of Pard3 function did not cause the
majority of adherens junction-associated actin bundles to
localize ectopically as they do in the nagie oko retinal
epithelium (Fig. 3H, arrowheads and Fig. 4K, respectively).
These differences reveal the importance of studying each
component of the junctional complexes to elucidate critical
functional differences.Acknowledgments
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